Over the last decade, the genomic revolution has offered the possibility to generate tremendous amounts of data that contain valuable information on the genetic basis of phenotypic traits, such as those linked to human diseases or those that allow for species to adapt to a changing environment.
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This article is protected by copyright. All rights reserved. motivated by genomic data and recognizes the importance of the dynamics of allele frequency changes in the course of adaptation, which is in contrast to the earlier polygenic views of evolution based on the fixation of mutations of small effects (Fisher 1930 , Orr 2005 . The main issue with polygenic adaptation is that it goes undetected with conventional statistical methods: frequency changes can be so small and the number of loci involved can be so large that with classical population genetic methods the signature of selection is distinguishable from changes caused by drift. Further, most adaptation events may involve a mixture of selective sweeps and polygenic adaptation, making the statistical challenge even more acute. A solution may lie in borrowing methods from both population and quantitative genetics (Pritchard et al. 2010) . Believing that the convergence of population and quantitative genetic theory and methods is a productive way of moving both fields forward, we organized the symposium entitled "Detecting the Genomic Signal of Polygenic Adaptation and the Role of Epistasis in Evolution" held on the 31 August and 1 September at the University of Zürich, Zürich, Switzerland.
Adding the role of epistasis to the program seemed a necessary element: the action of many genes on a trait necessarily involves interactions between them. For decades, quantitative genetics argued for the relative unimportance of epistasis mainly because it was possible to accurately predict evolutionary changes of a trait while ignoring the epistatic variance component of the phenotype. Indeed, the effect of epistasis on variance components may be transitory: the elevated frequency of co-occurrence of beneficial allele combinations at different genes is expected to be continuously broken down by recombination. However, this view of epistasis ignores a fact known in molecular biology for a long time: genes affect the phenotype via complex interaction networks that impose a non-negligible effect of gene action on the phenotype (e.g. Hansen 2013) . The symposium offered a place for productive discussions and exchanges between evolutionary biologists from different fields on the role of epistasis in adaptation.
The symposium covered four different aspects of polygenic adaptation, each lasting a halfday, that we discuss in detail in the following paragraphs. The first session reviewed some of the most recent theoretical developments on polygenic adaptation and epistasis. The second session gave examples of studies that find evidence of polygenic adaptation and epistasis using the largest data sets currently available in humans, Arabidopsis, and other species. The third session revealed findings of long-term breeding experiments in chickens and experimental evolution studies of microorganisms and nematodes on the role of epistasis. Finally, the fourth session gave an overview of some of the most recent statistical methods in population genetics aimed at detecting the
This article is protected by copyright. All rights reserved. Pritchard et al. 2010) . They assumed that the trait under selection is affected by haploid bi-allelic equivalent loci with complete redundancy (i.e. many alternative loci can lead to the same trait value), which implies negative epistasis as for the case of stabilizing selection on a quantitative trait. They found that only the population genomic
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scaled mutation rate θ g =2N e Lλμ (with N e = effective population size, L = number of loci, μ = per-locus mutation rate) determines which selection process is favored, with adaptation from a single major locus when θ g < 0.1 (hard sweep at the locus with the highest frequency of the beneficial allele), major-minor locus pattern when 0.1 < θ g < 10 (almost hard sweep at major locus and many partial sweeps at minor loci), and polygenic adaptation when θ g > 10 (super-soft sweeps or no sweep at all).
Thus, for instance, polygenic adaptation is expected for a very polygenic trait with over 100 fully redundant loci, and locus specific scaled mutation rate (2N e μ) of 0.1, yet polygenicity in itself does not preclude hard sweeps. Hermisson concluded with a call that a better understanding of functional epistasis in traits is necessary to understand patterns of adaptation.
Evidence for polygenic selection and gene-interactions from large data sets
Human genetics benefits from the largest GWAS panels available today, and Peter Visscher presented how these exceptional data sets can be used to detect the signature of selection on highly heterozygosity (2p(1-p)) and effect size (β) as β ~ N(0, [2p(1-p)] S σ β 2 ) using all data simultaneously and accounting for linkage disequilibrium between SNPs, allowing a proportion of SNP to have zero effect size. The outcome of the model fitting is the overall polygenicity, which corresponds to the proportion of SNPs with non-zero effects, the heritability contributed by all SNPs when fitted together, and the selection parameter (S). When S=0 ("neutral model") common and rare variants have similar effect sizes, so that most genetic variance comes from common variants (which have higher heterozygosity). In contrast, when S<1 ("negative selection") rare SNPs have bigger effects than common ones and all SNPs explain the same amount of variance. When S=1 ("positive selection"), common variants have bigger effects. The authors used the UK Biobank data base to simultaneously estimate SNP effects and genetic architecture parameters on a variety of traits, and found that negative selection is pervasive in the human genome. Thus, most likely lower frequency
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variants tend to have larger effect size with deleterious effects on fitness through pleiotropy. Traits related to fertility (such as age at menopause) and heart function showed the strongest signal of negative selection, and thus are likely to be strongly related to fitness. Peter Visscher concluded that it is slightly puzzling why so much genetic variation is found in fitness related traits in humans, and emphasized the importance of multi-trait analysis in future studies.
John McKay presented how a long-term field transplant experiment between two 
This article is protected by copyright. All rights reserved. eukaryotic species, and contrasted them with two null models. First, a model with only additive interactions between nucleotides, which generates landscapes that almost always have a single adaptive peak, and upon which an evolutionary process should easily reach the global maximum. At the other extreme, binding affinities were randomly shuffled across all possible genotypes, generating a highly rugged landscape, upon which navigation by natural selection is challenging.
Most empirical landscapes fell in between these two extremes. For example, the empirical landscapes contained more than one peak 42% of the time, with peak numbers ranging from two to 36. Further, epistasis, defined as non-additive interactions between loci in their contribution to phenotype or fitness, played a role in shaping the topography of most empirical landscapes.
Magnitude epistasis (i.e., when allelic effects do not simply add up but cause higher than predicted fitness) was almost as frequent as predicted by the shuffled model, and sign epistasis was also slightly more frequent than predicted by an additive model. Finally, they also showed that peaks were accessible by fewer mutations than predicted by the additive model. By comparing the topographies of these empirical landscapes with in vivo gene regulation data, Payne argued that the high navigability of these landscapes may have contributed to the enormous success of transcriptional regulation as a source of evolutionary adaptations and innovations.
Lessons from long-term breeding experiments and experimental evolution
Long-term selection experiments and laboratory evolution experiments have provided valuable insights into the genetic mechanisms underlying complex quantitative traits and the influence of 
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This article is protected by copyright. All rights reserved. One observed network topology consists in a central hub QTL connected to multiple other QTLs.
Carlborg illustrated how these radial epistatic networks have been useful to study the genetic mechanisms determining complex trait variation, such as root length in Arabidopsis thaliana (Lackowiec et al. 2015) , body weight in chicken (Carlborg et al. 2006 ) and multiple quantitative traits in yeast (Forsberg et al. 2017) . He also highlighted that central hub QTLs are important because they act as genetic capacitors that can both buffer and release cryptic genetic variation affecting the total level of phenotypic variation in populations. For example, networks of capacitating genetic interactions in yeast contribute to more variation -both additive and non-additive - (Forsberg et al. 2017 ) than previously estimated (Bloom et al. 2015) . In conclusion, non-additive allelic effects are important and need to be taken into account when studying the genetic mechanisms that generate trait variation and predicting the response to selection to long-term selection experiments.
Epistasis is pervasive in microbial and viral populations. Microbial populations have low levels of recombination, which prevent the re-shuffling of beneficial mutations and their interactions. Sergey Kryazhimskiy presented results from two yeast evolution experiments designed to test how epistasis and historical contingency affect the predictability of adaptation. In the first experiment, Kryazhimskiy et al (2014) evolved 640 populations starting from closely related genotypes and found that initially less fit genotypes adapted faster than those that were initially fitter. Genetic analyses revealed that all populations sampled mutations from a common pool of adaptive mutations and that at least some adaptive mutations that drove adaptation exhibited diminishing-returns epistasis, i.e., they had smaller beneficial effects in fitter backgrounds, which would explain the observed decline in "adaptability" with increasing initial fitness. In the second part of his talk, Kryazhimskiy presented results from a recent analogous experiment where they evolved 1840 populations starting from 230 founders derived from a cross between two divergent yeast strains (Jerison et al. 2017) . Consistent with the previous study, Jerison et al. (2017) observed that "the rule of declining adaptability" continues to hold. They also found one QTL that dramatically shifts the spectrum of adaptive mutations. Kryazhimskiy concluded his talk by saying that adaptability is a heritable and predictable trait and distinguished between two types of epistasis: the one in which the beneficial effects of mutations depends on fitness (i.e., diminishing returns epistasis) and the one where rare mutations alter the whole spectrum of further adaptive mutations.
Finally, Luke Noble presented another experimental system in which epistasis is important:
an experimentally evolved populations of the nematode Caenorhabditis elegans (Noble et al. 2017) . Noble et al. (2017) generated parental populations from multiple intercrosses of 15 wild isolates and a domesticated lab strain of C. elegans. Parental populations were evolved for 250 generations of effective outcrossing, and 507 recombinant inbred lines (RILs) were generated. Then, they sequenced the parental populations and the 507 RILs to explore the genetic basis of two fitness components: fertility and body size. This analysis revealed that large-effect sign epistasis and polygenic interactions contributed much of the trait variance, particularly to variance in fertility (defined in such a way as to be closely aligned with fitness during experimental evolution). Noble emphasized the importance of modeling epistasis for predicting phenotypes, particularly in systems where divergently adapted alleles may be segregating, which agrees with the conclusions from other speakers from this session.
Statistical methods to detect the genomic signal of polygenic adaptation
Adaptation to climate is considered a highly polygenic trait. Therefore, the evolution of similar molecular mechanisms in different species in response to similar climatic conditions is thought to be rather unlikely. Sam Yeaman showed the opposite in his study with two distantly related conifer species, lodgepole pine and interior spruce (Yeaman et al. 2016) . He and his colleagues found a large set of genes -much larger than expected by chance -that showed the same associations between allele frequencies and similar environmental gradients in the two tree species that separated 140
Million years ago. One of the major challenges in the analysis was the correction for neutral population structure. In the case of interior spruce, the neutral genetic pattern correlated with the climatic gradient, leading to the almost complete disappearance of the adaptive signal in environmental association approaches that correct for neutral population structure. They therefore decided not to include neutral population structure, but concentrated on the common adaptation signals of the two species, because false positives due to random processes like drift are unlikely to be found in both species. They concluded that due to genetic constraints some detectable largeeffect loci (i.e. key genes) must be present even in the complex polygenic adaptation to climate.
Gene networks may play a central role in the development of statistical methods to detect polygenic adaptation. Josephine Daub presented the "Polysel" approach (Daub et al. 2013 (Daub et al. & 2017 to search for gene sets that are significantly enriched for selection signals. Instead of performing a
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Then, a SUMSTAT score is calculated for each gene set, which is simply the sum of the gene-level selection scores of the gene set. The significance of the SUMSTAT score is assessed with a null distribution of random gene sets, taking into account gene set size and SNP density per gene.
Josephine Daub demonstrated several cases, where the above-described method revealed previously undiscovered signatures of selection, and showed that in humans most enriched gene pathways are involved in immune responses (Daub et al. 2013) . Further, among the members of these pathways, there was strong evidence for epistatic interactions.
Finally, Jeremy Berg, author of one of the first methods to detect polygenic adaptation from genomic data (Berg & Coop 2014) , presented two recent studies on detecting the signature of polygenic adaptation in humans. In the first study, the authors tested for polygenic adaptation among human populations world-wide by comparing polygenic scores calculated from GWAS to their null distribution under genetic drift, and they identified strong signals of selection for a suite of anthropometric traits including height, infant head circumference, hip circumference, waist-to-hip ratio, as well as type 2 diabetes (Berg et al. 2017) . Additionally, some of the body traits followed a strong latitudinal cline in Western Eurasia, consistent with thermoregulatory adaptation in response to latitudinal temperature variation. In the second study, the authors developed a method, called "PolyGraph", to detect polygenic adaptation in admixture graphs, where historical divergences and admixture events connect different populations through time (Racimo et al. 2017) . The authors found evidence that variants associated with several traits, including height, educational attainment, and self-reported unibrow have been influenced by polygenic adaptation in different human populations.
